The interaction between strain and spin has received intensive attention in the scientific community due to its abundant physical phenomena and huge technological impact. Until now, there is no experimental report on ultra-high frequency magnetic resonance through the strain-spin coupling for any technologically relevant perpendicular magnetic material. Here we report the experimental detection of the acoustic strain waves that have a response time on the order of 10 picoseconds in perpendicular magnetic [Co/Pd]n multilayers via a femtosecond laser pulse excitation. Through direct measurements of acoustic strain waves, we observe an ultra-high frequency magnetic resonance up to 60 GHz in [Co/Pd]n multilayers. We further report a theoretical model of the strain-spin interaction. Our model reveals that the energy could be transferred efficiently from the strain to the spins and well explains the existence of a steady resonance state through exciting the spin system. The physical origins of the resonance between strain waves and magnetic precession, and the requested conditions for obtaining magnetic resonance within thin magnetic films have also been discussed after thorough analysis. These combined results point out a potential pathway to enable an extremely high frequency (EHF) magnetic resonance through the strain-spin coupling.
Exploring innovative approaches and new physics to manipulate the magnetization of ferromagnetic materials via femtosecond laser pulses has recently renewed interests in both scientific and technological communities [1] [2] [3] . The coupling between strain and spin has received intensive attention in the scientific community due to its abundant physical phenomena [4] [5] [6] [7] [8] [9] [10] [11] . Meanwhile, experimentally utilizing femtosecond lasers to manipulate the magnetic properties of materials with perpendicular magnetic anisotropy (PMA) through the coupling between strain and spin has become a promising area for developing ultralow-energy spin memory and logic devices [12] [13] [14] [15] [16] .
To date, the main efforts have been devoted to strain generated from piezoelectric materials [17] [18] [19] [20] via electrical methods. It was first discovered by Beaurepaire et al. in 1996 that femtosecond laser pulses can modify the magnetization of ferromagnetic materials through thermally induced demagnetization 21 . This ultrafast optical approach provides a powerful tool for capturing the energy-carrier interactions between electrons, spins, and phonons in the femtosecond time regime [22] [23] [24] [25] [26] [27] . Through the magnetostriction effect of ferromagnetic (FM) materials, acoustic strain waves (ASWs) can be launched by femtosecond laser pulses 13, [28] [29] [30] [31] [32] [33] [34] [35] . Upon femtosecond laser pulse excitation, ASWs directly act through the entire FM film and thus can readily couple with the spins to modify the magnetic anisotropy and, subsequently, magnetization of a FM material. In addition, its picosecond time scale corresponds to the time scale of the magnetization precession and has potential to stimulate abundant physical phenomena, such as largeangle rotation/precession. Specifically, this strain can couple with spins through a magnon-phonon interaction to induce the magnetic resonance and even further switch magnetization with a large angle magnetization precession through high resonance frequency 13 .
Motivated by this idea, many experimental and theoretical studies have reported the magnetization dynamics of ferromagnetic thin films under optically generated ASWs. However, the materials studied so far have not been applicable to spintronic applications due to low magnetic moment, low anisotropy, or low Curie temperature, such as dilute semiconductor materials 28, 29, 31, 33, 34 and metallic FM materials (e.g., Terfenol-D ((TbxDy1-x)Fe2) 13 , Galfenol 32, 35 , Bi-YIG 36 and Ni 30 ). As a matter of fact, direct experimental demonstration of the coupling between ASWs and spins in PMA materials remains elusive, despite the fundamental importance of the physical mechanisms of magnetic resonance. [Co/Pd]n multilayers possess high PMA at room temperature, holding great potential for various technological applications [37] [38] [39] [40] [41] .
Furthermore, [Co/Pd]n multilayers have a relatively large magnetostriction coefficient 42, 43 , thus their acoustic frequency can be easily tuned by varying the film thickness. This could serve as an ideal platform for investigating the magnetic resonance.
Here we experimentally report an ultra-high frequency magnetic resonance up to 60 GHz in perpendicular magnetic [Co/Pd]n multilayers through the strain-spin coupling excited by femtosecond laser pulses. Differentiating from the anti-crossing behavior (incoherent magnon (k ≠ 0)-phonon (q ≠ 0) interaction) in ferromagnetic insulators 10 , we observe a crossing intersection in the energy for coherent magnon (k = 0)-phonon (q = 0) interaction in PMA [Co/Pd]n multilayer materials. Meanwhile, the ASWs are experimentally detected via the time-domain thermoreflectance (TDTR) method on the order of 10 picoseconds. We also theoretically investigate that ASWs can manipulate the magnetization and could further assist the switching in an ultrafast picosecond scale. These combined results pave a potential pathway to enable an extremely high frequency (EHF) magnetic resonance through the strain-spin coupling and suggest a possibility of ultrahigh-speed strain-assisted magnetization switching in a technologically relevant magnetic system.
Results
Ultrafast measurement protocol. Figure 1a illustrates the time-resolved magnetooptical Kerr effect (TR-MOKE) measurement configuration together with a schematic of the sample stack. The phonon temperature 44 and strain from thermoreflectance signals 45 collected in time-domain thermoreflectance (TDTR) measurements are proportional to the intensity change in the reflectivity of the probe beam. Thus, the TDTR signals measured here represent the intrinsic strain waves in the sample. The TR-MOKE method employed here is a pump-probe technique capable of recording the time evolution of magnetization (M), through the change in the polarization of a probe beam reflected from FM films. For a typical polar TR-MOKE measurement, a damped oscillation feature is expected in the signals due to the spin precession initiated by the rapid temperature rise from pump excitation, when an external magnetic field (Hext) is applied 44 . In Supplementary Note 1, more details about the TDTR and TR-MOKE experiment setups and signal detection methods can be found. The signals from TR-MOKE measurements contain information of two modes, as the superposition of two frequencies in Mz: the field-dependent one corresponding to the typical ferromagnetic resonance resulting from coherent spin precession (the spin-like mode), and the fieldindependent one caused by a time-dependent modulation of magnetic properties through strain (the strain-like mode). We provide more detailed definitions and physical origins of the two oscillation modes in Supplementary Note 2. The simulated spin dynamic processes in the TR-MOKE measurements in or out of resonance are illustrated by Supplementary Figs. 5 and 6, respectively. When the sample has a large λ, ASWs can also tilt the magnetization and therefore create a detectable change in Mz and will be captured as magnetization oscillations in the signal as well. Thus the magnetization oscillation features captured by TR-MOKE contains both the spin precession and ASWs information. Therefore, analysing the data from both TDTR and TR-MOKE measurements allows for the investigation of the coupling between strain and spin.
In typical polar TR-MOKE measurements, signals usually do not show magnetization oscillations in the absence of Hext, since the equilibrium axis of the spin precession will be aligned with the surface normal direction of the perpendicular magnetic film. In our TR-MOKE signals for all the [Co/Pd]n samples, the magnetization oscillations appear as a function of time without Hext, implying that these samples possess the magnetostriction effect, as discussed in the Supplementary Note 1 and shown in Supplementary Figs. 1 and 2 . This phenomenon is not observed in the [Co/Pt]n sample (not shown here) due to its relatively small magnetostriction coefficient 42 . By fitting the TR-MOKE data, we found that in relatively thin films, the strain frequency (> 100 GHz) is much higher than that of spin precession (< 60 GHz) with a relatively low Hext, as shown in Supplementary Fig. 3 . This frequency is for the lowest-frequency mode of the standing strain waves confined within the thin-film sample stack, whose half wavelength corresponds to the thickness of the entire sample stack (including the capping and seed layers). Therefore, by changing the sample thickness, the strain frequency can be tuned 45 . In this study, we select the [Co(0.8 nm)/Pd(1.5 nm)]11 multilayered structure with a larger thickness as a model system. This with the range of Hext from 10 kOe to 29 kOe are plotted in Fig. 2a . Interestingly, we find that for 16 kOe < Hext < 25 kOe, TR-MOKE signals show the amplitude of precessional oscillations of Mz increase instead of the usual decrease in the first 60 ps following the pump excitation. However, when Hext is smaller than 16 kOe or larger than 25 kOe, the TR-MOKE signals in Fig. 2a appear as the damped oscillations (standard in TR-MOKE measurements of magnetization precession). Within the first several picoseconds, different energy carriers such as magnons, phonons, and electrons are out of equilibrium with each other induced by the ultrafast laser pulse. As the main goal of this work is to analyze the magnetic precession that is in the equilibrium regime, we purposefully start the fitting from 10 ps to avoid any possible non-equilibrium effect (indicated by the solid lines in Fig. 2a ). From Fig. 2b of TDTR data, we can find that the acoustic strains prevail in the first 60 ps, suggesting the magnetic resonance increases the energy transferred from ASWs to spin precession within the first 60 ps.
As this injected energy overcomes the dissipated energy, the amplitude of spin precession is enhanced, in contrary to the monotonic decaying trend of a typical damped feature of spin precession at other fields. After 60 ps, the injected energy by the strain is insufficient to equilibrate the dissipated energy due to the damping, thus not capable to maintain the high energy state (resonance state). The spin oscillation amplitude decreases, and the typical damped feature appears. This phenomenon indicates that during this first 60-ps time regime, the magnetostrictive field generated by ASWs couples with spins and further enhances the spin precession.
To further understand the magnetization dynamics and magnetic resonance resulting from the coupling between strain and spin, the TR-MOKE and TDTR signals of the [Co(0.8 nm)/Pd(1.5 nm)]11 sample are analyzed in the time domain using the following equation:
where V is the signal, t is the time, A, B, and C are fitting parameters of the thermal background, Di represents the amplitude of sinusoid, fi is the frequency, and i is the relaxation frequency (where i = 1, 2 represents separate modes captured by the measurement simultaneously) 41, 42, [46] [47] [48] [49] . The TDTR data only show one frequency corresponding to the picosecond acoustics (strain) in the system, which is independent of the external field. Fitting the TR-MOKE data (which captures the change in the zcomponent of magnetization) shows two frequencies: a frequency that depends on Hext following a Kittel dispersion (assigned as the "spin-like" mode), and a frequency that is independent of Hext that matches the frequency of the strain captured by TDTR (assigned as the "strain-like" mode). The amplitude and phase information of the modes (φi) can also differentiate the two modes (see Supplementary Note 1). Two TR-MOKE signals, one in resonance (Hext = 21 kOe) and the other one out of magnetic resonance (Hext = 14 kOe), are chosen to study the coupling between spin precession and ASWs based on Eq. (1). We find that the frequency of the signal without the magnetic resonance shows two separated peaks, ~38 GHz for spin precession and ~60 GHz for ASWs, as shown in Fig. 2c . However, for the signal with the magnetic resonance, two frequency peaks are overlapping at ~60 GHz, as plotted in Fig. 2d . This suggests that the magnetic resonance originates from the strong coupling between strain and spin. (1)) shown in Fig. 3b , we distinguish the two modes by considering the modes that have a constant frequency to be strain-like. From Fig. 3b , we find the amplitude of Mz shows resonant behavior; the amplitude of Mz associated with the strain-like mode keeps constant and increases around the mode-crossing field, and that of the spin-like mode follows the same trend around the mode-crossing field.
Ultra
This suggests that if the frequency is similar, strain strongly couples with spins and enhances the amplitude of magnetization precession, presenting the mode mixing characteristic of the magnon-phonon coupling in the [Co(0.8 nm)/Pd(1.5 nm)]11 multilayer. Importantly, because this resonance field depends on the ASW frequency and Kittel dispersion, the tunability of the resonance field can be verified by tuning the sample thickness and magnetic anisotropy (see Supplementary Note 3 and Supplementary Table 1, Figs.7 and 8) . In order to accurately model the magnetization dynamics in the system with micromagnetic simulations, we analyze the TR-MOKE signal and obtain a precessional cone angle ~ 1 degree through a straightforward voltage to Kerr angle conversion. This cone angle is important to determine the correct initial condition for the magnetization (see Supplementary Note 4) .
To suggest in-plane (inversely, expansion). The magnetostrictive energy is comparable with the energy barrier of the pure magnetic system, as the perpendicular anisotropy cancels the demagnetization effect. Before we carry out the simulations, the strain amplitude is optimized. As the energy simulation results show, when the strain amplitude is 0.1% at the beginning 100 ps, the pumped energy dominates and wins over the dissipated energy. Thus the spin system can be excited to a non-equilibrium state. This energy pumping is efficient, as the excited state is achieved in less than hundreds of picoseconds. This excited state represents the magnetic resonance and can be maintained if a way to produce stable ASWs is applied (see Supplementary Note 6C and Supplementary Fig.   9 ). For a realistic strain as 0.1% estimated from experimental data, the amplitude of the magnetostrictive anisotropy is 3.9 ×10 4 erg/cm 3 Fig.   4b reproduces the TR-MOKE signal in Fig. 4a without using fitting parameters for the materials. This confirms the accuracy of our theory. The spins behave damped when the strain decays because the pumped energy, as proportional to the strain, is not sufficient to compensate the dissipated energy. The oscillation amplitude of Mz as a function of Hext shows a peak around the mode-crossing field, and its intensity increases with the increase of the strain, which well matches the experimental results shown in Fig. 3b .
Time-dependent magnetization dynamics driven by ASWs. To prove ASWs can
manipulate the magnetization and further assist the switching in an ultrafast picosecond scale, a strain pulse is applied to the system at three Hext values near the resonance state, as depicted in Figs. 4d-4f . When the strain pulse is on, the system gets excited rapidly to an enhanced large angle precession with a rise time of ~100 ps. When the strain pulse is off, the system at all three Hext values shows relaxation behaviour and the magnetization is aligned with Hext. This large angle precession caused by the resonance between ASWs and spin precession is maintained steadily for non-decaying strain amplitude. In addition, as the spin dynamics is a nonlinear system, the resonance can happen in a wide field range of several kOe: the required Hext to cause resonance can deviate from Hext that makes the spin precession frequency exactly equal to the strain frequency ( Fig. 4c) . For example, an external magnetic field of Hext = 21 kOe has the maximum precession amplitude, while fields of Hext = 18 kOe or 24 kOe can also excite resonance behavior with relatively smaller precession amplitudes. It can also be seen that the precession amplitudes with 0.1% or 0.2% strain yield similar values. The magnetic resonance with Hext = 21 kOe is enhanced when the strain increases from 0.1% to 0.5% (see Supplementary Fig. 12 ).
Discussion
We experimentally detected the ASWs with the response time down to the order of 10 picoseconds in perpendicular magnetic [Co/Pd]n multilayers via a femtosecond laser pulse excitation. Through direct measurements of coherent phonon and magnetization, we observed a 60-GHz magnetic resonance when the frequencies of ASWs and spin precession approach each other. We developed a theoretical model and revealed the physical mechanism of magnetic resonance from the strain-spin interaction from an energy viewpoint. We have shown enhanced energy efficiency by manipulating the spins using the strain. With the same strain profile, a larger amplitude of oscillation is achieved in a perpendicular magnetic material, compared to that in an in-plane magnetic material. This shows that strain-assisted switching is more efficient in a perpendicular material. These results could pave a pathway to manipulate the magnetization precession and/or switch the magnetization at an extremely high frequency through strain-spin coupling by optimizing the parameters of multilayer materials. Fig. 1 ) is applied in both TR-MOKE and TDTR measurements. To identify the angular dependence of the magnetization oscillation, simulations are conducted where the field angle is tuned in a wider range from 50° to 90°, as shown in Supplementary Fig. 10 . We find that the resonant precessional frequency depends on the angle of the external field. For our measurement setup, the field angle is limited to 80° ≤ θH ≤ 90° to achieve sufficiently high fields and to ensure a clear optical path for the laser beam. Therefore, we set θH to be 80° for all measurements of [Co/Pd]n samples, in order to achieve the highest precessional frequency with the smallest field and meanwhile to maximize the TR-MOKE signals (see Supplementary Note 5). 
Methods
where b2 is the magnetostriction coefficient 51 and the value is 26×10 7 erg/cm 3 , η(t) is amplitude of the strain tensor that is spatially uniform and varying in time. We use a sinusoid wave of η(t) that its frequency is 60 GHz, provided by the TDTR experimental data. Secondly, we insert this term into the free energy density F(r,t) and extract the effective field for the LLG equation, to describe the magnetization dynamics driven by 
where the first term describes the torque driving the precession of the magnetization vector around the effective time-dependent magnetic field Heff (r,t), the second term describes precession damping according to the phenomenological Gilbert damping parameter, and γ is the gyromagnetic ratio. The magnetization dynamics is started by providing an initial angle of magnetization that deviates from equilibrium. The amplitude of this angle (~1°) is one of the inputs to match a realistic angle from TR-MOKE measurements (as discussed in Supplementary Note 4) .
Thirdly, we interpret analytically the time evolution of the total magnetization ( ) 
